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Abstract:  
The understanding of carbon nanotubes (CNT) growth is crucial for the control of their 
production. In particular, the identification of structural changes of carbon possibly occurring 
near the catalyst particle in the very early stages of their formation is of high interest.  In this 
study, samples of nascent CNT obtained during nucleation step and samples of vertically 
aligned CNT obtained during growth step are analysed by combined spatially resolved Raman 
spectroscopy and X-Ray diffraction measurements. Spatially resolved Raman spectroscopy 
reveals that iron-based phases and carbon phases are co-localised at the same position, and 
indicates that sp2 carbon nucleates preferentially on iron-based particles during this nucleation 
step.  Depth scan Raman spectroscopy analysis, performed on nascent CNT, highlights that 
carbon structural organisation is significantly changing from defective graphene layers 
surrounding the iron-based particles at their base up to multi-walled nanotube structures in the 
upper part of iron-based particles.  
 
 
Keywords: Aligned-MWNT, spatially resolved Raman spectroscopy, mapping, co-
localisation, X-Ray microdiffraction. 
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1. Introduction: 
Aligned multi-walled carbon nanotubes (A-MWNT) are promising nanostructured networks 
for a large range of applications in various fields such as separation or filtration [1], 
supercapacitors [2], composite materials [3,4]. They are mainly prepared by CVD (Chemical 
Vapour Deposition) processes involving, either a deposition of a metal film before the 
reaction with a carbonaceous source [5-7], or the formation of catalyst particles from a metal 
precursor which is injected together with the carbon precursor [8-11]. Concerning this later 
method, liquid precursors are generally injected in the reactor either with syringes or as liquid 
aerosols and A-MWNT are subsequently grown with, generally, a high growth rate and 
almost no by-products (amorphous carbon) among nanotubes [8-12]. Such processes offer the 
advantage to be continuous and to be easily scalable. Their development, in order to extend 
their potentialities, is strongly related to the precise control of carbon nanotube (CNT) growth 
which is a direct result of the understanding of their growth mechanisms. This is one of the 
motivations for the study of nanotube formation which has been widely investigated by 
researchers all over the world [13]. Ex-situ physico-chemical analyses of samples synthesized 
under precise conditions are focused on the size and shape of catalyst particles as well as on 
their physical state and their chemical composition and structure [11, 14-16]. The analysis of 
carbon in such samples has been also investigated by different techniques such as electron 
microscopy (SEM or TEM), Raman spectroscopy, X-Ray Diffraction or X-Ray Photoelectron 
Spectroscopy [11, 15, 17-19]. Nevertheless, complementary information regarding global 
quantitative carbon structure changes occurring on nanotubes near the catalyst particles, from 
the CNT nucleation step up to the CNT growth step, still need to be completed.  
Our previous works regarding A-MWNT carpet synthesised by aerosol-assisted CCVD 
(Combustion Chemical Vapor Deposition) process studied through ex-situ analysis 
demonstrated that (i) different iron-based phases are occurring in the same sample [15, 19], 
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(ii) iron oxide is formed during the cooling step [15], (iii) nanotubes are obtained through a 
base-growth mechanism [11, 20]. X-Ray diffraction allows one to quantify the alignment 
degree of nanotubes in macroscopic carpets [19, 21]. Raman spectroscopy demonstrates that 
such nanotubes exhibit a high structural quality as compared to nanotubes generally grown by 
CVD [12], and XPS experiments (X-rays Photoelectron Spectroscopy), performed on samples 
resulting from the early stages of nanotube growth, show the occurrence of sp2 carbon in the 
early stages of CNT growth [11]. More recently, in-situ X-ray diffraction experiments on A-
MWNT carpet synthesised by aerosol-assisted CCVD process allowed us to show that 
particles giving rise to CNT growth are cementite nanoparticles [22]. 
The present study couples global and local analysis, based on ex-situ X-ray diffraction and on 
Raman spectroscopy. The recent developments in spatially resolved Raman spectroscopy 
allowed us to analyse samples obtained during CNT nucleation step (very early stages of CNT 
synthesis), formed of nascent CNT on the catalyst particles. Thus, it was possible to get 
Raman mapping of both catalyst nanoparticles and CNT. Our work gives evidence of carbon 
structural changes between nucleation and growth stages. By analysing the D and G band 
obtained on CNT samples produced during the nucleation step, we report that carbon 
structural organisation is significantly changing from defective graphene layers surrounding 
the particles at their base up to multi-walled nanotube structures in the upper part of particles. 
Alignment of CNT, as determined by X-ray diffraction, differs between the CNT nucleation 
and growth step. 
 
2. Experimental Section 
 
Aligned carbon nanotube samples are synthesized by aerosol-assisted catalytic chemical 
vapour deposition (AA-CCVD) from toluene and ferrocene precursors [12, 20]. The synthesis 
set-up and standard procedure have been described previously [9, 17]. Briefly, the precursor 
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mixture is made of ferrocene (2.5 wt. %) dissolved in toluene, the resulting solution is 
injected through an aerosol and carried by a helium flow (purity 99.999; oxygen impurities 3 
ppm-mol H2O and 2 ppm-mol O2) in the reactor heated at 850 °C and placed at atmospheric 
pressure. The cooling step is also performed under helium (same quality). This flexible 
technique allowed us to control the CNT length thanks to the duration of the continuous 
injection of precursors and thus to obtain different samples at different growth steps of the 
CNT. It is important to note that even if the metal catalyst source is injected continuously, the 
resulting A-MWNT carpets exhibit a high purity with almost no catalyst particles deposited in 
between the MWNT.  
For this study two types of samples are obtained corresponding to two key steps of the growth 
chronology with different AA-CCVD durations. The first one (sample 1) is obtained after 15 
seconds of synthesis and the second one after 15 minutes corresponding respectively to 
MWNT nucleation and growth steps. These two samples are then cooled down [15].  
The general morphology and arrangement of the resulting CNT samples were examined in a 
field emission scanning electron microscope (FEG-SEM; Carl Zeiss Ultra 55). Raman 
spectroscopy and X-Ray diffraction are also carried out ex-situ at room temperature on the 
resulting samples. Sample corresponding to nucleation step (catalyst nanoparticles and few 
nucleating CNT) was analysed by Raman spectroscopy first on its top surface and second in 
the depth of nanoparticles initiating CNT growth (one spectrum every 230 nm) in order to 
evaluate the carbon changes along nanoparticle agglomerates (few µm). Sample 
corresponding to the growth step (CNT carpet) was analysed by Raman spectroscopy along 
the carpet height (one spectrum every 40-50 µm) in order to evaluate the carbon structure 
changes along the carpet (400 µm thick). Therefore, Raman analysis scale along nanoparticles 
(nucleation step) is more local as compared to the one performed in the case of carpet (growth 
step).  
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Raman spectroscopy was performed with a commercial Witec Alpha 500 spectrometer in a 
back-scattering configuration. We used excitation wavelengths at 532 nm from a solid state 
laser diode. The power of the laser beam was kept below 600 µW to prevent any damage on 
the A-MWNT carpet. All Raman spectra were recorded with a Nikon x50 objective 
(NA=0.75) focusing the light with a 350 nm diameter spot. A dual axis XY piezo stage 
coupled to a confocal microscope allows mapping Raman intensity with subwavelength 
accuracy (ca. 120 nm) and in the Z direction with accuracy of about 350 nm. Raman spectra 
are recorded on each pixel and the integrated intensity of a chosen mode is displayed on a 
false color scale.  
Furthermore, spectral resolutions of our spectrometer (UHTS300) are (i) < 3 cm-1 (ie 0.009 
nm) with a 600 grooves/mm grating and (ii) < 0.9 cm-1 (ie 0.025 nm) with a 1800 
grooves/mm grating. In this paper, maps are performed with a 600 grooves/mm grating and 
spectra with a 1800 grooves/mm grating.  
X-Ray diffraction experiments were performed on two different setups:  
(i) microdiffraction measurements are performed with a monochromatic Cu-Kα (λ=1.542 Å) 
X-ray microbeam of 20 µm diameter size obtained with a multilayer optics coupled with a 
laboratory rotating-anode generator [23]. The 2D direct-illumination CCD detector allows to 
measure weak scattering signals such as the (002) CNT peak from the carpet. Measurement 
along the height of the carpet with a 10 µm step is performed thanks to a motorized 
translation stage. 
(ii) standard laboratory diffraction experiments with a millimeter-size and monochromatic 
Mo-Kα (λ=0.711 Å) beam are performed in order to measure iron phases [15]. The intense X-
ray beam allows detecting the weak scattered signals from the small amounts of iron. The 
short Mo-Kα wavelength gives access to a large Q wavevector domain (1.5 – 4.5 Å-1). It also 
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avoids the X-ray fluorescence background that hinders the weak signals to be observed with 
Cu-Kα radiation.  
 
3. Results and discussion:  
 
Figure 1 shows SEM images of two different samples formed respectively during CNT 
nucleation step and CNT growth step on silicon substrates. The first one (sample 1) is 
obtained during the early growth stages of CNT formation (15 s) corresponding to CNT 
nucleation step (figure 1 (a)). The second one (sample 2) is obtained after a longer CCVD 
synthesis duration (15 min) corresponding to CNT growth step (figure 1(b)). 
In figure 1 (a) (sample 1), we observe a layer of iron-based catalyst nanoparticles covering the 
whole silicon wafer surface, and constituting the main part of the sample. We also observe a 
significant amount of catalyst particle agglomerates with various dimensions from 500 nm to 
2 µm [11]. These two area (A: agglomerated particles and B: film of catalyst nanoparticles) 
are designed designated on figure 1(a) by two white crosses and are shown with higher 
magnification on figure 1(c) and (d) respectively. Some nanotubes are already occurring even 
for this early stage and are localized mainly on catalyst particles which are agglomerated. In 
figure 1 (b), large scale SEM image of sample 2 shows a typical well-aligned MWNT carpet 
exhibiting a thickness of 400 µm. These MWNT are partially filled with iron based phases as 
described by Pinault et al. [11, 24]. 
In this work, we emphasize first on the study of the CNT obtained during the nucleation step 
by performing both Raman spectroscopy and X-Ray Diffraction analysis (XRD) on sample 1. 
These two techniques are complementary: Raman spectroscopy gives spatially localized 
information (laser spot ~350nm) whereas XRD allows one to perform statistical average 
(XRD beam ~1 mm for this experiment). For this sample grown during the early stages and 
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thus exhibiting a low amount of carbon, Raman spectroscopy is sensitive to both iron-based 
and carbon phases whereas XRD is mainly sensitive to iron-based phases.  
Figure 2 shows Raman spectroscopy performed on the top surface and XRD measurements on 
sample 1. White crosses designed in figure 1 (a) correspond to the two areas (A and B) 
studied by Raman spectroscopy. The first spectrum is achieved on the top surface of 
agglomerated catalyst particles (figure 2 (a, c)) and the second one on the film of catalyst 
nanoparticles (figure 2 (b, d)). On particle agglomerates (figure 2), we can observe several 
peaks between 100 and 600 cm-1 (figure 2 (a)) and one at 1316 cm-1 (figure 2 (c)).We can 
assign most of them to iron oxides phases. Peaks at 226, 245, 294, 410, 610, 1316 cm-1 are 
due to α-Fe2O3 whereas the one at 663 cm
-1 is assigned to magnetite Fe3O4 [25-27]
 (table 1). 
On the film of nanoparticle, the peak positions assigned to α-Fe2O3 are very difficult to 
identify whereas the peak related to Fe3O4 at 663 cm
-1 is clearly occurring.  
This assignment obtained through spatially localised analysis is in agreement with XRD 
analysis (Figure 2 (e)) involving statically statistically averaged information where all 
diffraction peaks are attributed to α-Fe2O3 and Fe3O4 (calculation give us a α-Fe2O3 / Fe3O4 
mass ratio = 4/3, figure 2 (e)) [11, 15]. This is the first XRD identification of α-Fe2O3 in such 
samples, due probably to a too low content of such phase in previous studies [11, 15, 17, 19].  
The presence of iron oxides has also been reported in the case of CNT growth by CCVD [28-
31]. However, such oxide phases are not the catalytic phases in the process we use, where 
nanoparticles giving rise to CNT growth were shown to be cementite nanoparticles [22]. We 
have shown that the occurrence of oxides is due to iron oxidation during the cooling step [15], 
and the present results indicate that the oxidation is not complete for all iron-based particles 
since Fe3O4 is detected. In addition, in our study no oxygen-containing promoters such as 
traces of water have been added to the reactive gas phase. Catalyst particles are formed in-situ 
in the gas phase from ferrocene decomposition initiating quasi instantaneously the 
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decomposition of toluene and liberating hydrogen in the gas-phase, thus preventing any 
oxidation of the different phases during CNT growth even with oxygen contamination, as 
shown through our in-situ study [22]. This is, therefore, not comparable to studies involving 
catalyst films predeposited on substrates which could be oxidized during annealing through 
oxygen contamination [32,33]. 
It is therefore important to localise and analyse the carbon structure in the same areas as the 
ones of iron-based particles. It is first noteworthy that in both areas (agglomerated particles or 
films of nanoparticles), carbon could be always detected even if it corresponds to the early 
stages of CNT formation and if oxidation is occurring during the cooling step, indicating that 
only a partial oxidation is involved which is corroborated by the occurrence of Fe3O4. 
Concerning the carbon phase, figure 2 (c) shows the Raman response measured on 
agglomerated catalyst particles of sample 1. Three peaks at 1576, 1605 and 2663 cm-1 (not 
shown) assigned to sp2 carbon modes can be distinguished. The first one is due to the in plane 
bond stretching of all pairs of sp2 atoms (E2g zone-centred) usually called the G band which is 
common to both rings and chains. The second one at ~1605 cm-1 called D', is assigned to non-
centred phonons [34-36]. The inset of figure 3 (d) shows the 2D band which is the overtone of 
the D band (around 1353 cm-1 included on the large band at 1316 cm-1 which is assigned to α-
Fe2O3 and called M band in this work (see Table 1)). The D band is due to the breathing mode 
of sp2 rings [37]. Some other bands around 1100 cm-1 (figure 3 (d) and figure 4 (d-e)) and 
1500 cm-1 (mode at 1412 cm-1 on figure 2 (d)) are detected which are usually observed in 
amorphous carbon and disappear with increasing order in sp2 carbon materials [37, 38]. 
Figure 2 (d) presents Raman spectrum regarding carbon on catalyst nanoparticles film of 
sample 1. As previously observed on agglomerated catalyst particles (figure 2 (c)), all carbon 
sp2 signatures (D, D’, G and 2D bands) are present. The G band frequency is around 1580 cm-
1 and the D’ band is around 1614 cm-1. In this spectrum, we clearly identify the D band at 
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1350 cm-1 and its overtone at 2656 cm-1 (not shown). The difference in G band frequency 
between these two areas of the sample is due to two different carbon structural organisations. 
The one at 1576 cm-1 occurring on the agglomerated catalyst particles, exhibiting the higher 
oxidation degree (presence of α-Fe2O3), corresponds to the one already reported for aligned 
MWNT carpet [12], whereas the G band at 1580 cm-1, detected on the film of nanoparticles 
exhibiting a lower oxidation degree (presence of mainly Fe3O4), corresponds to the one 
reported for graphitic systems exhibiting a significant amount of defects [39]. These results 
obtained on the top surface of the two areas are corroborated by SEM images (figure 1 (a) and 
(c)) where we can clearly observe the occurrence of CNT on particle agglomerates while only 
very few CNT-like morphology are observed on the catalyst nanoparticle film.  
Therefore, Raman spectroscopy reveals that on samples obtained during the nucleation step, 
both iron-based phases and carbon phases are together detected, even if oxidation occurs 
during the cooling step. In addition, the carbon structure is less defective in the areas in which 
α-Fe2O3 is predominant (higher oxidation degree) while it is more defective (see D and G 
band intensities and frequencies in addition with the presence of a large background centered 
around 1400 cm-1 due to amourphous carbon) in the areas in which Fe3O4 is predominant 
(lower oxidation degree). Assuming that oxidation of carbon-encapsulated iron-based 
nanoparticles involves the formation of vacancies in carbon structure through the formation of 
CO or CO2 vapours and then the oxidation of iron-based nanoparticles [40, 41], the trends 
obtained in our study cannot be explained only by an oxidation phenomenon. Therefore, the 
identification by Raman spectroscopy of both iron-based and carbon phase in the same areas 
combined to SEM and XPS measurements [11] indicates that, as soon as iron-based catalytic 
nanoparticles are deposited, carbon structures organised into more or less defective sp2 carbon 
forming graphene sheets (Raman and XPS) and arranged concentrically (presence of 
nanotubes shown by SEM) are formed [11].  
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In order to go further in the analysis of the CNT nucleation step, a spatially resolved analysis 
of the carbonaceous structure around the catalyst particles is of high importance. This is 
possible thanks to the recent developments in spatially resolved Raman spectroscopy which 
exhibit potentialities to get Raman mapping of both the iron-based and carbon phase. Thus, 
we studied the spatial distribution of C and Fe elements on sample 1 by XY-spatially resolved 
Raman imaging. Raman intensity maps for iron-based phases are reported on figure 3 (a) and 
(b) by using the most intense peak at 226 cm-1 for α-Fe2O3 and 663 cm
-1 for Fe3O4. Typical 
spatially resolved Raman intensity maps of carbon using the G band are reported on figure 3 
(c). In addition, the acquisition of a Raman spectrum at a determined position on the 
agglomerated catalyst particles (figure 3 (d)), indicates that all iron oxides and carbon phases 
are occurring all together.  
These intensity maps (figures 3 a, b, c) demonstrate clearly that carbon and iron are localized 
at the same position. Indeed the intensities related to iron oxides are proportional to the one 
related to carbon and the maximum of their intensity corresponds to each other and to the area 
on which agglomerated particles are observed. Therefore, these results confirm that sp2 
carbon nucleates preferentially on iron-based particles and that a high amount is more 
specifically located on areas in which particles are agglomerated, at least during this very 
early CNT growth stages. Therefore, during this early stage of CNT formation for which a 
steady state has, still, not been reached this result suggests that a higher amount of carbon is 
generated through catalytic decomposition of the carbon source in areas where the quantity of 
nanoparticles is predominant. 
 
In order to go into details with these results, a depth scan in (z, x) directions (figure 4) has 
been performed on agglomerated particles. Figure 4 (a) to (c) indicate that carbon (G band) 
and iron-based phases (α-Fe2O3 at 226 and 1316 cm
-1; same results for Fe3O4 not shown) are 
12 
 
 
localized at the same z position and slightly shifted in x direction. This shift is in agreement 
with SEM observations showing that several bended CNT are growing from agglomerated 
particles and they are not precisely in a vertical direction (figure 1 (c)). We can directly 
observe the intensity variation of these two phases as a function of z position, that is to say 
according to the thickness of catalyst particles and CNT deposited on the surface. 
In figure 4 (d) and (e), we present the Raman spectra of carbon recorded along the blue line 
(designed in figure 4 (a-c), z is a relative coordinate). These Raman spectra were performed at 
the agglomerated nanoparticle scale (very local scale as compared to the analysis along the 
carpet, see below). All the presented spectra along this z line are representative of depth scans 
realized on several different agglomerates, from their base to their top, of this sample. The 
carbon and iron structures are changing according to their location along the height of the iron 
oxide agglomerates. (i) From the base of the agglomerate up to around 1.5 µm high, the G 
band intensity increases and simultaneously the M band present gradually a shoulder 
corresponding to the D band (dotted arrow, figure 4 (d)). (ii) Then in the upper 1.25 µm, the G 
band intensity saturates whereas the D and M bands both decreases (α-Fe2O3 peak at 226 cm
-1 
decreases also).   
Figure 4 (f) and (h) show changes of intensity and frequency of respectively the D and the G 
bands along the height of particle agglomerates containing CNT. From the base up to around 
1.5 µm high, the G and D band intensities increase progressively while their frequencies 
decrease progressively. The increase of both D and G band intensities in conjunction with the 
decrease of D band frequency indicates the formation at the base of particles of sp² carbon 
clusters as reported by Ferrari and Obraztsova [37, 39]. In addition up to around 1.5 µm high, 
the decrease of the G band frequency down to 1568 cm-1 is attributed to the progressive 
curvature of graphene planes in carbon onion like structure [34, 39]. Then, from around 1.5 
µm up to 3 µm, the G band intensity saturates while its frequency increases from 1568 cm-1 to 
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1574 cm-1. Finally, the Raman spectra on the top of the particle, corresponds to the MWNT 
synthesis by the process of this study [12]. 
Regarding the D band, the intensity is quite constant in the upper part of the agglomerate even 
if between 1.25 to around 1.5 µm a decrease of the intensity occurs. This decrease of the D 
band intensity is also visible in the ID/IG ratio indicating an improvement of the structural 
carbon organisation, due probably to a decrease of sp3/sp2 ratio [37] when CNT are growing.  
The ratio between the intensity of α-Fe2O3 band (at 226 cm
-1) and of the G band change 
decreases along the agglomerated catalyst particles from their base to their top. This indicates 
that the significant increase of the G band occurs while the intensity of α-Fe2O3 (and Fe3O4 
not shown) decreases only slightly. Thus, the base of the agglomerate is composed of low 
amount of sp² carbon versus iron oxide. This amount increases progressively up to around 1 
µm high and then remains stable in the upper part of the particles (Figure 4 (g)). 
Figure 4 (i) reports the ID/IG ratio which is related to structural defects in nanotubes: the 
smaller this ratio is the higher the degree of crystallinity is [41, 42]. Figure 4 (i)  indicates that 
this ratio remains almost constant (around 1) up to 1.5 µm high which is the signature of the 
progressive increase of D and G band intensities. Then from 1.5 µm up to the top of the 
particles, the ID/IG ratio reaches a value of 0.5 which corresponds to a better organisation on 
sp² carbon as a CNT structure. 
All these depth scan analysis highlights that the structural organization of carbon changes 
significantly from the base of particles to their top. In the first µm at their base, Raman results 
indicate onion like structures with a significant amount of defects whereas in the upper parts 
of the particles, carbon becomes more organised. It is also important to note that the amount 
of sp² carbon increases in the basal region of the particles. Defects in sp2 carbon structure 
occurring at the base of the particle could be explained by the metal catalysed oxidation of 
carbon [40, 41, 44, 45]. This phenomenon could occur during the cooling step in helium gas 
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containing oxygen traces since iron-based particles are converted into iron oxide particles. 
However, such a phenomenon should be very limited since the partial pressure of oxygen in 
helium is very low (3 ppm-mol H2O + 2 ppm-mol de O2) contrary to the oxidation studies 
reported in the literature for which the oxygen partial pressure is high [40, 41, 44]. According 
to the studies reported in the literature, air oxidation involves that a part of carbon atoms 
bindings with oxygen atoms leaves the sample in form of carbon monoxide or dioxide, 
creating vacancies in the carbon shells which serves as channels for outward diffusion of 
metallic core and penetration of oxygen in the interior, thus creating large size hollow 
Fe2O3/Cox nanoparticles [40, 41, 44, 45]. However, in our study we could not identify neither 
hollow particle by electron microscopy nor carbon-oxygen bonding by Raman spectroscopy. 
In addition, according to the oxidation phenomenon reported in the literature, carbon should 
be uniformly defective all along the iron-based particle, which is not the case in our study. 
Therefore, the carbon structural difference occurring along the iron-based particles from their 
base to their top cannot be explained only by oxidation, especially because the cooling 
process is performed with only a very low partial pressure of oxygen as compared to 
literature. We believe that such changes in carbon structure along the particles indicate that 
the very early nucleation steps of carbon involves the formation of defective graphene layers 
surrounding the particles and forming cap-like morphologies. This suggests that the structure 
of nucleating carbon depends most probably on its location with respect to catalyst particles 
and that the carbon structural organisation is progressively improving from the particles up to 
the upper parts of CNT. 
Such a behavior regarding the carbon structure around the catalyst particle analyzed at this 
Raman scale is difficult to compare with the literature. Papers studying locally structural 
changes around the catalyst particles either through in-situ TEM or XRD [46-48] are focused 
on the structural changes occurring on the catalyst particles and show the forming graphitic 
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structure, but no quantitative analysis of the carbon structure comparable to Raman 
spectroscopy has been performed. In addition, literature does not report any quantitative and 
spatially resolved analysis of carbon structure around catalyst nanoparticles for nanotube 
growth.  
To go further in the understanding of carbon organisation, we also perform Raman analysis in 
conjunction with X-Ray microdiffraction analysis on aligned MWNT carpet (sample 2) grown 
for longer durations (15 min).  
A Raman statistical analysis was achieved along the carpet from the base to the top (black 
arrow in figure 1 (b)). The scale analysis of the carpet to follow the carbon structure along the 
carpet is not the same that for agglomerate. The number of spectra concerning the 
agglomerate (size of few µm) is close to this performed along the carpet (size of 400 µm) to 
have changes of carbon structure along agglomerate and along the carpet. Figure 5 (a) shows 
representative Raman signature of the top, the middle and the base of the carpet indicated by 
white rectangles on the SEM image of the carpet cross-section (figure 1 (b)). We identified on 
these spectra, the D, G and 2D bands whatever the position along the carpet. The background 
of the spectra and the width of these bands are increasing near the top of the carpet. The ID/IG 
ratio varies from 0.5 to 1.35 from the base to the top of the carpet (inset figure 5 (a)). The 
ID/IG value for our raw sample is similar to the one reported for aligned MWNT raw samples 
synthesized by CVD [49] and is significantly lower than the ones generally reported for 
MWNT produced by CVD [50]. The values for both ID/IG ratio and width bands are related to 
structural defects in nanotubes: the smaller these parameters are, the higher the degree of 
crystallinity is [42, 43]. The Raman spectrum of the top shows an important background due 
to iron based-phases luminescence and to carbon induced-defects indicating also a higher 
carbon structural disorder at the top of the carpet. This could be assigned to MWNT which are 
quite bended and decorated with residual catalyst encapsulated by carbon (inset figure 5 (e)). 
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X-Ray micro-diffraction as well as GISAXS measurements performed by different groups 
show the possibility to extract the degree of MWNT alignment on such a carpet [19, 51]. In 
our case XRD analyses were performed in transmission from the base to the top of the carpet 
as indicated in figure 1 (b) by the black arrow. As reported by Pichot et al. [19], the intensity 
of the (002) peak at Q=1.83 Å-1, corresponding to the scattering from the MWNT walls, is 
angularly modulated. By fitting this modulation, it is possible to determine the alignment 
degree of the CNT according to the normal of the substrate surface [21, 52]. The two 
Lorentzian peaks of the (002) measured in the reciprocal space correspond to the orientation 
distribution function in the direct space which is a Lorentzian3/2 [53]. Figure 5 (b) reports the 
orientation of MWNT according to the normal of the substrate surface by giving the Full 
Width at Half Maximum of this function and shows that the alignment degree is constant (+/- 
10° according to the normal of the substrate surface) from the base of the carpet up to 
approximately 60 µm before the top surface. 
This is consistent with SEM observations showing that MWNT alignment is better at the base 
(figure 5 (c)) and in the core (figure 5 (d)) than at the top (figure 5 (e)) of the carpet, and that, 
at the top, MWNT are quite bended and decorated with particles which are most probably 
residual catalyst encapsulated by carbon (inset figure 5 (e)). 
Therefore, more defective carbon (high ID/IG ratio) is located by Raman spectroscopy at the 
top of the carpet (inset figure 5 (a)) and corresponds to bended (SEM observations) and less 
aligned (XRD analysis) nanotubes as well as carbon encapsulated residual catalyst particles. 
An improvement of the carbon structural quality (progressive decrease of ID/IG ratio) is 
occurring in the core and at the base of the carpet and corresponds to quite straight, well 
aligned and pure nanotubes. At the base of the carpet corresponding to the place where 
catalyst particles are localized, i.e. in the areas in which nanotubes and catalyst particles are 
together present, the ID/IG ratio reaches the lowest value of 0.5 which is similar to the value 
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obtained from depth scan analysis at the top of agglomerated particles, indicating that the 
organisation of carbon located in the catalyst particle areas is quite high and remains similar 
whatever the formation stage of nanotube (nucleation or growth step). Taking into account 
that these aligned nanotubes are growing through a base growth mechanism [20], this result 
strongly suggests that the structural organisation of carbon formed around the active catalyst 
particles at the base of the carpet remains quite similar all along CNT nucleation and growth. 
The base growth mechanism of our CNT synthesized by AA-CCVD was previously described 
[13, 20], briefly the carbon species are integrated by the catalyst particles and then CNT are 
growing on the top of these particles, the catalyst particles remain attached at the CNT base 
all along the growth and are staying at the base of the carpet. Considering such a base growth 
mechanism, the top of the carpet is composed of nanotubes firstly formed. Therefore, we can 
compare their structural organisation (ID/IG around 1.3) to the one of CNT formed on the top 
of catalyst particle agglomerates during the early stages (ID/IG around 0.5). By combining 
these results to SEM observations, the high ID/IG ratio at the top of the carpet can be explained 
by the presence of residual catalyst particles coated with carbon and located at the CNT 
surface (inset figure 5 (e)) as well as amorphous carbon responsible of the important 
background of the Raman spectrum (black spectrum figure 5 (a)) comparatively to the flat one 
on the top of the particles in the sample 1 (figure 4 (e)). These contaminations (residual 
catalyst particles and amorphous carbon) probably appear during the cooling step of the 
sample; they are predominant at the top of the carpet and decrease progressively, which 
explain the higher ID/IG ratio at the top of the carpet than the one at the top of the particles. 
 
4. Conclusions 
Spatially resolved Raman spectroscopy analyses on samples prepared during CNT nucleation 
stage show that it is possible to co-localise and analyse simultaneously the structure of iron-
based catalyst particles and carbonaceous materials resulting from the nucleation step of 
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aligned MWNT. The structural organisation of carbon changes significantly from the base of 
agglomerated particles to their top. At their base, Raman reveals onion like structures with a 
significant amount of defects suggesting that the very early nucleation steps of carbon 
involves the formation of defective graphene layers. Then in the upper parts of these particles, 
carbon becomes organised suggesting that the structure of nucleating carbon depends on its 
location with respect to the catalyst nanoparticle. In addition, the amount of carbon is found to 
be lower at the vicinity of the catalyst nanoparticle (nanotube base) and increases in the upper 
part of nanotube. These results are of main interest for the understanding of growth 
mechanism of aligned carbon nanotube, which is crucial for applications in different fields of 
nanotechnology. 
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Tables 
Table 1. Raman wavenumbers of iron oxide phases (most intense peaks are underlined). 
Iron oxides Wavenumbers from literature (cm-1) Our experiments (cm-1) 
α – Fe2O3 225, 245, 295, 415, 500, 615, 1320 226, 245, 294, 410, , 610, 1316 
Fe3O4 616, 663 663 
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Figure captions 
Figure 1- SEM images of (a) sample 1 illustrating the early growth stages of CNT formation 
corresponding to CNT nucleation step showing two areas A: agglomerated particles (c), and 
B: film of catalyst nanoparticles (d) - and (b) sample 2 obtained after a longer CCVD duration 
corresponding to CNT growth step.  
Figure 2 - Raman spectra on sample 1 localized on catalyst particle agglomerates 
nanoparticles (a, c) and on the layer of catalyst nanoparticles (b, d); spectra are acquired with 
a 1800 grooves/mm grating - XRD pattern and calculation (with a α-Fe2O3 / Fe3O4 mass ratio 
= 4/3) on the same sample 1 with * for α-Fe2O3 and + for Fe3O4 (e) - (Si = silicon 
contamination of the wafer supporting the sample). 
Figure 3- Bi-dimensional (x y) Raman mapping of sample 1 for α-Fe2O3 (a), Fe3O4 (b) and G 
band (c) - (d) Raman spectrum of the area localized by the white cross on the maps. For this 
figure, maps are performed with a 600 grooves/mm grating. 
Figure 4 - Bi-dimensional (x z) Raman mapping of sample 1 for α-Fe2O3 at 226 cm
-1(a), α-
Fe2O3 at 1316 cm
-1 (denoted M band) (b) and G band (c) with a 600 grooves /mm grating – 
Raman spectra (d) and (e) along the blue line (performed at 1800 grooves/mm grating) 
designed on maps – Evolution of the intensity and frequency of the D band (f) and G band (h), 
IFe2O3/IG ratio (g) and ID/IG ratio (i) along the blue line. 
Figure 5 - (a) Raman spectra (1800 grooves/mm grating) - (b) Micro-diffraction analysis: 
Evolution of Half Width at Half Maximum (HWHM) of the CNT orientation distribution 
function along the carpet height. The zero position corresponds to the carpet base. The silicon 
substrate masks the measurements on the first 50 microns - (c, d, e) SEM images on the base 
(green), the middle (red) and the top (black) of a well aligned MWNT carpet. 
 
